The enolization degree of lactones and esters is favoured by the oxygen-sulfur exchange in the respective functional groups. The analysis of the corresponding mass spectra has allowed unambiguous assignment of some fragments to specific tautomers and establishment of an acceptable correlation between ion abundances ratios and AM1 theoretical calculations. This supports mass spectrometry as an adequate tool to evaluate the tautomerism of neutral species.
Introduction
There has been considerable interest in the enolisation of carbonyl compounds for many years 1 and excellent methods exist for the generation of simple enols of aldehydes and ketones in solution. 2, 3 These enols, although thermodynamically unstable with respect to their carbonyl isomers, exist for long enough to be detected by conventional methods. On the other hand, the enol forms of simple carboxylic acids and derivatives such as esters, amides and anhydrides have not been detected in solution. The relative unstability of these enols can be attributed to resonance stabilization of the keto isomers (Equation 1).
A theoretical study 4 has calculated that the energy difference between acetic and ethene-1,1-diol is 10 kcal mol -1 greater than that between acetaldehyde and ethenol. This suggests that enols of carboxylic acids (and their derivatives) would have much lower intrinsic stability than enols of aldehydes and ketones. However, enols can be dramatically stabilized by the introduction of bulky groups onto the carbon α to the carbonyl group 5, 6 and in some cases the enol may then be the thermodynamically stable tautomer, 7 although not kinetically. 8 The pentamethylphenyl group is an effective bulky substituent and provides the necessary stability for enediols (enol form of carboxylic acids and esters). 9 The chemistry of these enols, (derived from carbonyl containing compounds other than ketones, including carboxylic acids and esters) has been of some interest. 10, 11 It is well documented that the equilibrium in equation 1 shifts towards the enol form when X or/and Y is sulfur instead of oxygen mainly due to its higher polarizability. So that the study of the corresponding equilibria can be interesting not only for the pertinent relevance of thio compounds but also for the correlative behaviour found with their oxygenated analogues, which enols, as mentioned above, are usually undetectable.
Equation 1
Data about stability and the short life time of aldehyde and ketone enols can be found in the literature. 12 In addition, for carboxylic acids, the very low relative stability of their enols is a well known fact, 4,13 although some of these short-life tautomers were prepared as intermediate compounds. [14] [15] [16] [17] [18] [19] [20] There are few studies about lactone tautomerism. This family of compounds exhibits great biological interest. In this sense biological activity has been assayed by carrying out studies on substituted heterocyclic rings. 21 In addition, the tautomeric equilibrium of lactones has been studied and evidence of the enol tautomer occurrence has been found by 1 H and 13 C NMR. 22 There are several reports in the literature in regard to structural elucidation of organic compounds by mass spectrometry but few publications are found for the investigation of ketoenol tautomerism. From the latter, the analysis of the mass spectra of some β-diketones and the corresponding comparison among differently substituted analogues, led to the conclusion that fragmentation is strongly influenced by the keto-enol content of these compounds. 23 The interest in mass spectrometry as a powerful analytical technique rests not only on the current availability and ease of use of mass spectrometers but also on the coupling of these instruments to highly efficient chromatographic systems (GC or HPLC). Additionally, high sensitivity (it can handle small samples) and low cost analyses are well known features. Tautomerism of organic compounds has been the subject of numerous theoretical studies by the use of several physical and quantum-mechanical approaches. The results of AM1 calculations for tautomerization energies are satisfactory and they exhibit a good correlation with the experimental data 24 so that its use is recommended, in particular for high molecular compounds. 25 Ab-initio calculations provide a reasonable correlation for the tautomerization energy estimation. [26] [27] [28] [29] However these calculations are expensive and hard to apply to most of the molecules of real interest, particularly in the biochemical field. Alternatively it is possible to use semiempirical calculations assuming errors of some kcal/mol for the tautomerization energy values. 30 In our laboratory studies on the tautomeric equilibrium of diverse families of compounds have been carried out and, so far, mass spectrometry and semiempirical calculations (AM1) have proved to constitute powerful tools for prediction of fast equilibrium occurrence. [31] [32] [33] [34] [35] [36] [37] This methodology approach has been used in this work to study the tautomerism of selected lactones and esters and their thio analogues.
Experimental Section
Synthesis of thiolactones. The non-commercially available compounds were synthesized according to literature procedures. 38 The resulting thio compounds where separated by gas chromatography and identified by mass spectrometry. For lactones, three thio derivatives were observed. Gas chromatography-mass spectrometry. These determinations were done by injection of methanol solutions (1 µl) in an HP 5890 Series II Plus chromatograph coupled to an HP 5972 A mass spectrometric detector under the following conditions: Column : HP5-MS, 30m x 0.25 mm x 5 µm. 39 Since we resorted to heat of formation values in order to rationalize experimental findings and the AM1 technique has been especially parameterized to reproduce this sort of experimental data, we deem this choice is a sensible one for the molecular set under study.
Results and Discussion
Gas chromatography-mass spectrometry Tables 1 and 2 show the most relevant mass spectral data for selected lactones, thiolactones, esters and thioesters. For lactones the loss of XH from the molecular ions can be assigned to the enol form and the loss of (M-CX) + or (M-CX 2 ) +. to the keto form. The mass spectral data show an evident enol percentage increase for thio derivatives which is magnified by a second sulfur atom. This might be in part explained by the mesomeric stabilization and the better ability of sulfur, with respect to oxygen, to accommodate a positive charge (Scheme 1). 
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Scheme 1
The results for lactones are also interesting in regard to their ring size. Seven-member rings seem to better stabilize the enol form probably due to a higher decrease of strain energyed in the unsaturated heterocycle. Although the differences are more significant among these compounds, the oxygenated lactones show the same behaviour. The reported figures (mass spectra from Nist´98 mass spectral database) were calculated according to the following ratio (ion abundance) x 1000/ (total ion abundance). b Not possible or neglectable due to allylic hydrogen involvement.
Open chain compounds were also considered (esters and thioesters, Table 2 ) and their mass spectra analyzed. The SH loss can be assigned to the enol form and, both the fragment arising from the radical loss of the alkyl moiety next to the carbonyl or thiocarbonyl groups and the McLafferty rearrangement fragment, whenever possible, can be considered as coming from the keto form.
As expected, there is a higher increase of the enol form for thio compounds. The assignment of the McLafferty rearrangement for methyl butanoate and its thio derivative is justified by the absence of the fragments (M-18) +. and (M-34) +. (Scheme 2), which should be observed in the mass spectra in case of occurrence of the enol form. Table 3 shows the AM1 semiempirical calculations of the compounds selected for this study. The reported keto-enol heats of formation differences for the neutral molecule and the corresponding radical cation indicate:
A tendency correlation with the mass spectral data is only obtained taking into account the calculated results for the neutral molecules. No tendency is observed when considering the molecular orbital calculations for the radical cations. This finding assigns a minimum impact on the experimental results by the occurrence (if any) of tautomerization between ionized species (radical cations). The lower energy requirement for the enol formation for the thio compounds, which decreases even more for dithio compounds, is also reflected by the theoretical calculation. Besides, the calculated energy decrease is somehow lower for lactones respect to esters as also observed by mass spectrometry.
Conclusions
The findings reported in this work are consistent with an important occurrence of the enol form for thiocarbonyl compounds which correlate adequately with the oxygenated analogues. Both mass spectral and theoretical calculations can be used as suitable predictive tools in respect to the ease of enolization of selected compounds.
